The exchange of hydrogen for deuterium (H/D exchange) in cyclopentane was measured for Pt catalysts with supports of various acidity. With an earlier developed Monte-Carlo model the contributions of the various possible intermediates in the H/D exchange can directly be measured. It was shown that the activity and the selectivity in the H/D exchange over the supported Pt catalysts strongly depend on the support acid/base properties. The activities of the various catalysts show a compensation effect. The compensation effect can directly be correlated to the contribution of the various exchange mechanisms, which proceed via different intermediates. The contribution of each intermediate depends on the electronic properties of the Pt particles, which in turn depend on the support acidity. This shows that the compensation effect is caused by support induced changes in the adsorption modes of cyclopentane.
Introduction
The influence of the support acid/base properties on the catalytic properties of supported metal particles has been studied extensively 1, 2 . It has been established that the rate of hydrogenolysis and hydrogenation over supported Pt particles increases with the acidity of oxidic supports 3, 4 . A large amount of work has been dedicated to relate changes in catalytic properties to changes in the electronic properties of the Pt particles [5] [6] [7] [8] [9] [10] . The support is believed to interact with the Pt particles via the oxygen atoms of the oxidic supports. In line with the definition of Lewis acidity, acidic supports are associated with a low electron-richness on the support oxygen atoms, whereas basic supports are associated with a high electron richness. Recently, based on the results of atomic X-ray absorption fine structure spectroscopy (AXAFS) and ab initio multiple scattering calculations, it was found that a lower electron richness of the support oxygen atoms leads to a higher ionization potential of the Pt particles. At the same time, a charge rearrangement from within the Pt particle towards the metalsupport interface was observed for acidic supports [10] [11] [12] . If the relation between support material and changes in activity/selectivity is well understood, it promises the prospect of tailor-made catalysts. However, there is a lot of discussion on the relations between support material and electronic properties on one hand and the catalytic properties on the other. The direct relation between the changes electronic properties and its effect on the catalytic properties is not well understood. Thus, the need for a good test reaction is obvious. An important feature for a proper test reaction is that it should be metal-catalyzed only. The isotopic exchange of hydrogen with deuterium in hydrocarbons (H/D exchange) is a typical metal-catalyzed reaction [13] [14] [15] [16] . During H/D exchange, hydrogen atoms of a hydrocarbon are replaced by deuterium atoms. The advantage of H/D exchange of cyclopentane (CP) as a test reaction is that its product distribution gives direct information about the different modes of adsorption of the intermediates during the reaction. These adsorption modes are proposed to be dependent on the electronic properties of the metal [16] [17] [18] .
In order to fully understand the H/D exchange mechanism of CP, the kinetics, selectivities and adsorption modes of CP in the H/D exchange were studied in detail in an earlier paper 19 .
It was shown that the D1 product is produced by the exchange of a single hydrogen atom via a σ-bonded η 1 -cyclopentyl intermediate (further called 'σ-η 1 ', Figure 1A ). The D2-D5 products consist of cyclopentane with deuterium atoms all located on a single side of the ring, and is produced via a rotation mechanism of a π-bonded η 2 -cyclopentene (further called 'π-η 2 ', Figure 1C ) 16, 20 . The D2 product can also be formed via a second intermediate, a double σ-bonded α,β-η 2 -cyclopentyl ('di-σ-η 2 ', Figure 1B ) 21 . With the D6-D10 products, the CP has to be rolled over from one side of the ring to the other, leading to the possibility that the atoms on the second side of the ring are also exchanged. The only species that can roll-over is the π-η 2 intermediate via a double σ-bonded η 1 -cyclopentylidene ('di-σ-η 1 ', Figure 1D ). A MonteCarlo model was developed, which can be used to accurately determine the relative contributions of the above mentioned intermediates. The Monte-Carlo model reveals that the multiplicity parameter as defined in literature does not represent the relative contribution of each intermediate, although it has been generally used for this purpose 22 . In addition to an understanding of the selectivity, also a kinetic model for the understanding of observed orders and reaction rates was developed 19 . This paper focuses on the influence of the support on the H/D exchange of CP over supported Pt catalysts. It will be shown that kinetics and selectivities are largely affected by the support material. Particle size effects are separated from support effects. The activity shows a compensation effect, and the apparent activation energy and pre-exponential factor show an isokinetic relationship 23, 24 . This can be explained by different adsorption modes of the CP on the metallic Pt surface. The change in adsorption modes is attributed to a change in the electronic structure of the Pt particles, which in turn is induced by changes in the acid/base properties of the support.
Methods

Catalyst preparation
Several supported Pt catalysts were prepared. The supports used are Mg hydrotalcite (HT), SiO 2 , amorphous SiO 2 -Al 2 O 3 (ASA) and LTL zeolite. The support characteristics are shown in Table 1 . 27 . The pores are constructed of cages with a diameter of 13Å, and are interconnected with 12 membered rings with a diameter of 7.1 Å. The catalysts were all calcined and prereduced. For the calcination/reduction, a sieve fraction (225 < d p < 450 µm) was placed in a downflow fixed-bed reactor. The prereduced catalysts were stored in air. The Pt particle size was determined by H 2 chemisorption, high resolution transmission electron microscopy and EXAFS analysis. Details of H 2 chemisorption 25 , HRTEM 26 and EXAFS 25 are given elsewhere.
Pt on LTL zeolites
The acidity of the LTL zeolite was varied by either impregnating a K-LTL zeolite with KNO 3 (aq), or exchanging it with NH 4 NO 3 to give K/Al ratios ranging from K/Al=0.47 to 1.53. The zeolites were calcined at 225°C and analyzed for K and Al contents. 
Pt on hydrotalcite
The hydrotalcite (HT) support was prepared with a Mg/Al ratio of 3.0 and activated as described by Roelofs et al 28 . The activation procedure consists of a calcination in N 2 at 450°C, followed by a rehydration of the hydrotalcite in H 2 O, during which the hydrotalcite structure is restored. During the rehydration procedure, H 2 PtCl 6 was added to part of the hydrotalcite support. The now ion exchanged hydrotalcite was filtrated and dried in He at 80°C for 18 hours, followed by drying at 200°C (heating rate 2°C/min) for 1 hour and a reduction in H 2 at 200°C for 1 hour ( Figure 2B ). The resulting Pt/hydrotalcite is further designated as Pt/HT.
Pt on SiO 2
SiO 2 (Engelhard, BET surface area 400 m 2 /g, pore volume 1.1 ml/g) was washed with 0.05 M HNO 3 to remove alkali ions from the surface. 5 g vacuum-dried SiO 2 was impregnated with 5. 2 (Aldrich, 18.0 mg/ml, resulting in 1 wt.% Pt/SiO 2 ) using the incipient wetness method. The impregnated support was dried in a water-free nitrogen flow for 1 hour at room temperature and for 18 hours at 80°C. The calcination-reduction scheme for this catalyst is given in Figure 2C . The resulting catalyst is further designated Pt/SiO 2 [big] . The filtrated catalyst precursor was dried in a nitrogen flow for 1 hr at 60°C, 2 hrs at 80°C and 12 hrs at 120°C (all heating rates 3°C/min). The sample was subsequently calcined and reduced according to the scheme given in Figure 2D . The catalyst 1 wt.% Pt/ASA [2.5] was prepared with incipient wetness impregnation, using the same procedure as described for the Pt/SiO 2 [big] catalyst. The calcination-reduction scheme was similar to the Pt/ASA [11.3] catalyst ( Figure 2D ), with the exception that the calcination heating rate was 0.2°C/min. 
H/D exchange of cyclopentane
Analysis of reaction rates and orders
The turnover frequency (TOF) is defined as the number of molecules CP that is converted per Pt surface atom per second. The number of accessible Pt surface atoms is based on the total amount of hydrogen chemisorbed. Orders in CP and D 2 were determined by varying the applicable partial pressures while the total flow was kept constant. Activation energies were determined by heating the catalyst multiple times from 65-90°C.
The following form of Arrhenius formula was used:
with TOF : the turn over frequency, mol CP converted per mol surface Pt, per second, E act,app : the apparent activation energy (kJ/mol), T : the reaction temperature (K), and A app : the pre-exponential factor.
It was shown that the reaction rate can be modeled with the following reactions and corresponding rates 19 : 
where it assumed that H 2 and D 2 are chemically similar and thus H(*) is also similar to D(*) and C 5 H n D 9-n (*) similar to C 5 H 9 (*), and thus r +3 and r -3 are equal in a steady state reaction. 
Results
Particle sizes of the reduced catalysts
In Table 2 , the results from HRTEM, H 2 chemisorption, the final Pt-Pt and Pt-O coordination number and the estimated number of Pt atoms in the cluster are given. This average number of atoms was estimated with the help of a computer program. This program cuts spheres from a fcc bulk structure, and calculates the corresponding Pt-Pt coordination number and dispersion (the ratio of the amount of coordinatively unsaturated Pt atoms and the total amount of Pt atoms). A series of spheres with increasing radii was calculated. By comparing the with HRTEM, H 2 chemisorption and EXAFS observed particles sizes with the theoretical values of the calculated, spherical clusters an average number of atoms was estimated. 
Particle size effects in H/D exchange
Activity as a function of particle size
The particle size effect on the activity was measured for two supports, LTL [0.47] and SiO 2 .
The results for these catalysts are given in Table 3 . The TOF (turn over frequency) was of the same order of magnitude, irrespective to the particle size. However, the apparent activation energy is clearly smaller for the larger particles. This lower E app is compensated by a smaller pre-exponential factor ln A app .
Selectivity as a function of particle size
In Figure 3 , the exchange patterns as measured for the catalysts with the different particle sizes is shown. The selectivity was analyzed using the Monte-Carlo model. The results are given in Table 4 . For both supports it was found that the average number of rotations for each π-η 2 intermediate, and, related to this, the desorption probability is unaffected by the particle size. Also for both supports, larger particles lead to an increased roll-over activity via the di-σ-η Order in D 2 and CP for activity and selectivity as a function of particle size
In The experimentally observed influence of the CP partial pressure on the selectivity as a function of particle size is shown in Figure 4A . Figure 4B . The Monte-Carlo analysis of this selectivity is given in Table 6 . These analyses reveal that increasing the D 2 partial pressure resulted in an increased contribution of the σ-η 
Support effects in H/D exchange
Activity as a function of support
In Table 3 The same desorption profile was observed for the other basic catalysts.
The basic catalysts do not only show a relatively low activity, but in addition they initially produce a large amount of HD (g) when CP is added to the gas mixture. When this used catalyst is heated to higher temperature (~450°C) in H 2 , CH 4 and CH 3 is observed ( Figure 5 ). This indicates the desorption of CH 4 . These observations are representative for all basic catalysts.
Selectivity as a function of support
The experimental selectivity patterns are shown in Figure 6 , the results of the Monte-Carlo analyses are given in Table 4 . Going from acidic to neutral supports, the contribution of the π-η 2 intermediate is increased. This is accompanied by a decrease in the production of the D1 product via the σ- 
Orders in CP and D 2 as a function of support
The observed orders in D 2 and CP are given in Figure 4A , it is shown that increasing the CP partial pressure over catalyst Pt/LTL [0.47, small] results in large changes in the selectivity. In contrast, the catalyst with the highest order in CP (+0.87, catalyst Pt/SiO 2 [big]) shows no effect of the CP partial pressure on the selectivity.
Discussion
The acidity of the support materials
The two amorphous SiO 2 -Al 2 O 3 (ASA) supports were mesoporous supports with different Si/Al ratios, Si/Al=2.5 and 11.4 (see Table 1 ). The number of acid sites was determined with the combination of thermographic analysis and temperature programmed desorption of isopropylammine 29 . [30] [31] [32] .
The number of Brønsted acidic sites is similar for the ASA and LTL [K/Al < 1.0] supports. However, the Pt particles are influenced rather by the electron-richness of the support oxygen than by the number of Brønsted acid sites 12 , as has been shown earlier 9, 10 . In the covalent zeolite framework, the electron richness on the oxygen atom is much lower than on a support like ASA 31, 33, 34 . In that sense, a zeolite is much more acidic. 
Final metal particle sizes
For the SiO 2 support material, two different particle sizes were obtained. All techniques used reveal a smaller final metal particle size for the ion-exchanged catalysts compared to the impregnated catalyst. This is probably caused by a better anchoring of the Pt 2+ complex during ion exchange than during impregnation. HRTEM, H 2 chemisorption and EXAFS showed somewhat contradicting results for the ion exchanged catalyst ( Table 2 ). The high H total /Pt ratio of 1.26 is in contrast with the diameter (1.2 nm) as revealed by HRTEM and PtPt coordination number of 6.9. The latter two are in perfect agreement; based upon spherical particles with a diameter of 1.2 nm an average coordination number of 7.0 would be expected (see e.g. ref 35 ). The origin of the discrepancy with H 2 chemisorption is unclear.
The particle sizes for both Pt/SiO 2 catalysts are higher than for the other catalysts. The larger particle size for the Pt/SiO 2 catalysts illustrates that it is very difficult to achieve highly dispersed metal particles on an inert support material. When no interaction between the support and the metal particles is present, the support material loses its primary function: to keep the metal particles highly dispersed. The Pt/LTL [*.**], Pt/LTL [0.47, small], Pt/ASA and Pt/HT catalysts all have highly dispersed Pt particles. Based on the H total /Pt and N PtPt results, the average particle size for all these catalysts was estimated < 1 nm. The particle size for the Pt/ASA catalyst as revealed with HRTEM (1.5 nm) seems in contradiction with the other techniques. However, it has to be noted that with HRTEM the lower detection limit for Pt/ASA is approximately 8-10 Å, and that on the HRTEM pictures taken only a small amount of particles was visible. In other words, with HRTEM the smallest particles, which make up the majority of all Pt in the Pt/ASA catalyst, are invisible. The relation between particle sizes as determined with HRTEM, H 2 chemisorption and EXAFS was extensively described by de Graaf et al 35 .
Mass transport limitations
The absence of external diffusion limitations (diffusion from the bulk to the surface of the support crystallite) was established by varying the space velocity with a constant catalyst volume. A twofold increase in the space velocity did not affect the TOF. This shows that external diffusion limitations are absent 36 .
Establishing the presence of internal diffusion limitations is less trivial. An easy check would be to decrease the crystallite size. If internal diffusion limitations are absent, this would not affect the activity. However, the internal diffusion is related to the pore-size. The catalyst particles of the catalyst with the smallest pores, the LTL zeolite, are constructed of several crystallites. The pores between these crystallites are macropores, and will not limit the diffusion of reactants. Scanning electron microscopy revealed that the size of these crystallites is extremely small, only 0.4 µm. As grinding will not result in a smaller crystallite size, it is nearly impossible to decrease this crystallite size. Therefore, the effectiveness and Thiele modulus were determined. An effectiveness indicates close to 1 indicates that internal diffusion limitations are absent. The effectiveness η is related to the Thiele modulus φ by 37 :
The Thiele modulus φ is defined as:
with k v,p : the rate constant per unit catalyst volume (v), D eA : the effective diffusion of reactant A, and a' v : the ratio between the external surface of the particle and its volume.
For spherical particles, a' v is given by:
with d p : the particle diameter.
The effective diffusion D e is expressed as:
with D : the diffusion constant, ε p : the volume fraction that the pores occupy and τ p : the tortuosity (correction for the fact that the pores are not necessarily straight in the direction of diffusion).
Typical values for ε p are between 0.3 and 0.6, and for τ p between 2 and 5. So, a reasonable assumption for the effective diffusion D e is that it is 1 / 10 of the diffusivity D. This diffusivity D can be calculated from the Knudsen (corresponding to collisions with the wall) and molecular diffusivity (intramolecular collisions). The molecular diffusivity was estimated at 10 -5 m 2 /s, which is reasonable for the diffusion in gases. The Knudsen diffusivity depends on the pore diameter. The exact formulas for the molecular and Knudsen diffusion are given by Moulijn et al 37 . For zeolites, the determination of the diffusivity is more complicated. The microporous nature of zeolites strongly influences the diffusivity. Therefore, the diffusion coefficient for CP in LTL zeolite was estimated from values for comparable molecules and zeolites. For example, the diffusivity of cyclohexane in the 12-membered ring zeolite (like LTL) NaX is reported between 1 x 10 -11 and 4 x 10 -9 m 2 /s 38 . Therefore, the diffusivity of CP in LTL is estimated at 1 x 10 -10 m 2 /s.
The difficulty in determining the Thiele modulus is that the intrinsic rate constant (without diffusion limitations) is required, while the Thiele modulus is used to determine if diffusion limitations are present in the first place. This problem can be avoided by using the iterative procedure described by van Donk et al. 39 , where the observed rate constant can be used for determination of the Thiele modulus and effectiveness. In Table 7 the effectiveness and corresponding Thiele modulus for the different support materials is given. The particle size for the ASA, SiO 2 and HT supports was taken equal to the sieve fraction. This is a worst-case scenario, since it is far more likely that the particles in the sieve fraction are constructed of several crystallites which contain the relevant pores and Pt particles. Between those crystallites, the pore radii will be very large compared to the pore radius in the support material. Even in this worst case scenario, the effectiveness is still high, close to unity, for all catalysts. This demonstrates that the observed reaction kinetics reflect the intrinsic catalyst properties, since internal diffusion limitations are absent. 
Particle size effects
Activity as a function of metal particle size
For larger supported metal particles, the apparent activation energy for the H/D exchange is significantly higher (Table 3 ). This is observed with both support materials (SiO 2 and LTL [0.47]). However, with both support materials, the TOF at 75°C is of the same magnitude, irrespective of particle size. At first sight, this seems contra-intuitive as the apparent activation energy is approximately 15-20% higher for the smaller particles. However, as can be seen in Table 3 , this increase in activation energy was compensated for by an increase in the pre-exponential factor. This suggests that a compensation effect is present, as will be discussed later 23, 24 .
Selectivity as a function of metal particle size
In Figure 3 (experiments) and The influence of the particle size on these intermediates is minimal for both supports. The particle-size effect is for both supports the largest for the selectivity towards the roll-over mechanism (via the di-σ-η 1 intermediate, Figure 1D ), which is strongly increased with the larger particles. Hence, also the roll-over mechanism is a clearly structure-sensitive reaction. It is facilitated by large particles, and probably an ensemble of catalytically active, empty sites is needed for the formation of the di-σ-η 1 intermediate. Table 3 . For both supports, the order in D 2 decreased (it was more negative) and the order in CP increased when a catalyst with a larger particle size was used. When these observations are correlated to equation (2) for the reaction rate, the lower order in D 2 indicates that for larger particles the ratio K 2 /K 1 is increased for larger particles. In other words, for larger particles the surface of the Pt particles is mainly covered with (atomic) D 2 , whereas for smaller particles, the surface contains more adsorbed CP. Although the particles were largest in the case of the Pt/LTL [0.47, big] catalyst, the order in CP was the highest for the Pt/SiO 2 [big] catalyst. Clearly, the orders also depend on the support material. indicates that the ratio K 2 /K 1 is decreased, and the surface contains more CP. A high surface coverage of CP can result in lateral interactions which influences the selectivity pattern. These lateral interactions can consist of long range electronic interactions or of steric interactions between two adjacent, adsorbed CP molecules. Therefore, it is to be expected that a relatively low order in CP is accompanied by an increased amount of lateral interactions by increasing the CP partial pressure, which inhibit mainly the structure sensitive reactions (roll-over via the di-σ-η 1 intermediate). This is indeed observed in Figure 4A and Table 5 .
In summary, the metal particle size has a distinct influence on the H/D exchange of CP.
Smaller particles lead to a higher apparent activation energy, which is compensated by the pre-exponential factor. In terms of selectivity, the formation of the π-η 2 intermediate and rollover via a di-σ-η 1 intermediate is inhibited by smaller particles, but the particle size has no effect on the rotation mechanism of the π-η 2 intermediate. Larger particles also lead to higher positive order in CP and lower, negative orders in D 2 , indicating that for larger particles the surface concentration is very low. This low surface concentration of CP is also apparent from the exchange pattern: when a low order in CP is observed, lateral interactions of CP are absent and the selectivity is independent of the CP partial pressure. The opposite is observed for smaller particles, where the order in CP is lower and P CP influences the selectivity.
Support effects
Activity as a function of support
As is shown in Table 3 , the TOF at 75°C is several orders of in magnitude lower for the basic Pt/LTL [1.53] and Pt/HT catalysts compared to the acidic and neutral catalysts. In addition, the basic catalysts showed a consumption of D 2 in the initial stages of the H/D exchange without a production of CP. Moreover, a desorption of CH 4 was observed when these basic catalysts were heated in H 2 to high temperatures (see for example Pt/HT in Figure 5 ). These observations suggest an immediate deactivation of the basic catalysts due to coking. This indicates that the CP molecule is strongly bonded on the Pt particles supported by a basic material, and it does not desorb anymore. The deactivation prohibits a reliable determination of the observed activation energy, the pre-exponential factor and the selectivity. . The pre-exponential factor increases in the opposite direction. These observations indicate an apparent compensation effect, as will be discussed later.
Selectivity as a function of support
As is shown in Figure 6 (experiments) and Table 4 (Monte-Carlo analysis), a general trend is that Pt catalysts with supports of higher acidity lead to a higher contribution of the σ-η 1 (D1) and di-σ-η 2 (D2) intermediates. As the ASA and LTL supports have similar metal particle sizes, this cannot be explained by particle size effects. Apparently, acidic supports enhance the ability of Pt to form σ-bonded species, whereas π bonded species are preferred for Pt on neutral, and probably also on basic support materials. The latter is not only apparent from the increased selectivity towards D2-D10, but also from an increased number of exchange steps (or rotations) the π-η 2 intermediate experiences. This increased number of exchange steps indicates both the π-η 2 and the allylic intermediate adsorb strongly on the surface of Pt particles that are supported on neutral supports, and remain longer on this surface.
Orders in CP and D 2 as a function of support
As is shown in Table 3 , the order in CP decreases from +0.87 to +0.18 going from Pt particels with neutral to acidic supports. This is accompanied by an increase in the order in D The surface concentrations are related to the bond energy of D and CP on the Pt surface, and apparently the ratio E CP-Pt /E D-Pt is higher for Pt on the acidic support materials than it is for the neutral supports. It was shown earlier 19 (see also Table 6 ) that the rotation of the π-η (Table 4) .
Compensation phenomena
When the Arrhenius parameters E app and ln A app of a variety of catalysts obey the ConstableCremer isokinetic relation 23, 24, 40 :
then an increase in E app is compensated by an increase in ln A app . This is called the compensation effect. In Figure 7 , a Constable plot for all catalysts is shown. The observation that all Arrhenius parameters for all catalysts obey the Constable-Cremer relation, indeed suggests that compensation behavior is present. According to the standards set by Bond et al. 23 the range in E app should ideally be at least 50% of the smallest E app measure, which is close to our 35%. If E app and ln A app indeed obey to the Constable-Cremer relation, then there must be an isokinetic relation between all catalysts. At the isokinetic temperature, the activities for all catalysts are the same. However, it is very difficult to establish this isokinetic relation with statistical certainty. Therefore, a second, more reliable way to establish the presence of an isokinetic behavior is to plot all activity plots in one graph, and to check if there is an isokinetic temperature T i where all activity plots intersect. Since the parameters in such a plot
(1/T and ln TOF) are measured independently, it is statistically more reliable than a Constable plot. Such a plot is constructed in Figure 8 . All Arrhenius plots for the different catalysts appear to intersect, approximately around T i = 90-100°C. Both the Constable plot (Figure 7 ) and the intersecting Arrhenius plots (Figure 8 ) strongly suggests that indeed an isokinetic relation (IKR) between A app and E app exists. The errors in the determination of these Arrhenius plots and its derived variables prevent the establishment of this IKR with absolute certainty. According to Bond et al. 23 , an IKR is most likely caused by changes in the surface coverage of the reactants, and the true activation energy is unaffected. approximately ± ± ± ± 2 kJ/mol for E act,app and ± ± ± ±0.5 for ln A app .
For the simplified case of a reaction which is first order in CP and inhibited by D 2 the reaction rate can be modeled by:
with R : the reaction rate per Pt surface site (TOF), k int : the intrinsic rate constant of the reaction over the catalyst, α : the observed order in deuterium, which was negative in all cases, and β : the observed order in CP, which is positive.
An equilibrium constant K (or rate constant k) is described with the following expression:
When (8) is substituted in (9) , this leads to Thus, changes in the pre-exponential factor A app represent mainly changes in the adsorption entropy and in the order of the reactants. Molecules that chemisorb from the gasphase to the surface have a negative enthalpy (∆H < 0), but also lose entropy (∆S <0). Moreover, for a stronger adsorbed species, the adsorption enthalpy is even lower (∆H strong < ∆H weak ), but the molecules loses even more entropy (∆S strong < ∆S weak ). This would lead to a lower E app , but also ln A app will decrease. If ∆H and ∆S would vary independently from each other, this would not lead to obedience of the linearity in the Constable-Cremer relation (equation 7), but for many similar processes (like in this case chemisorption on a metal surface), ∆S and ∆H are correlated. The phenomenon that ∆S and ∆H are correlated is known as 'Linear Free-Energy Relations', LFER 41 , and then ln A app and E app will obey the Constable-Cremer relation.
Changes in E app reflect both changes in the adsorption energy and in the reaction orders. The adsorption energy has a large influence on the reaction order; if the adsorption energy of a reactant is high, the surface coverage will be high and nearly independent of temperature or pressure, which leads to a low order of this reactant. Thus, different chemisorption strengths of the reactants on the catalyst's surface are most likely the origin of the observed isokinetic relationship. In the previous paper 19 , it was shown that the activity and selectivity are independent of each other: the selectivity is only determined after the rate determining step. The rate-determining step is the dissociation of molecularly adsorbed CP into H(*) and C 5 H 9 (*), leading to the σ-η 1 intermediate, and
following steps include the formation of the other possible intermediates like π-η 2 (see the energy scheme in Figure 9 ). This means that the compensation effect is only correlated to the adsorption strength of molecularly adsorbed intermediate and the σ-η 1 intermediate, and not necessarily to the adsorption energies of all adsorbed intermediates. However, in the case of catalyst with similar particle sizes in combination with different supports, it is likely that if one adsorption mode is influenced by the acidity of the support, that also the other adsorption modes are influenced in a similar manner by the support and that some trend between selectivity and E app should exist. If the particle sizes vary, other effects like the number of available ensembles of sites may start to play a role in the selectivity. In Figure 10 , the relation between the contribution of the different exchange mechanisms and the apparent activation energy for H/D exchange of CP over four catalysts with various acidities but similar particle sizes is shown. By choosing these four catalysts, particle size effects are eliminated. There is a clear correlation visible: a higher E app is accompanied by a higher contribution of the exchange via the σ-η 1 and the di-σ- The question that now rises is why the formation π-η 2 intermediate is preferred on Pt supported on neutral carriers and probably even more with basic supports. The chemisorption of a π containing molecule on a metal has been described extensively [42] [43] [44] by the Dewar-ChattDuncanson model [44] [45] [46] . This model was originally proposed for organometallic complexes, and involves electron backdonation from the metal to the π * orbitals of the adsorbate. This antibonding π * orbital lies relatively high in energy (otherwise it would not be antibonding), and therefore significant backdonation from the Pt 5d band can only occur if the valence band lies at a relatively high energy. A second requirement for 5d-π * backdonation is that the π * -orbital has the same symmetry as the interacting Pt valence orbital. This second requirement is probably easily met on small metal particles, which have irregular surface areas with all sorts of valence orbitals sticking out of the surface. Thus, the enhanced formation of the π-η Figure 11 , where an energyscheme of the density of states (DOS) of a Pt 4 cluster on a basic and acidic support and of a C 5 H 8 molecule is shown. The depicted DOS of the basic and acidic support are both from a clean, tetrahedral Pt 4 cluster, and its DOS was shifted in energy according to earlier observed and calculated support induced shifts in the DOS 12, 47 . These DOS were calculated with the density functional theory code ADF 50 .
Details of these calculations are given elsewhere 47 . The calculated C 5 H 8 molecule is cyclopentene, and therefore represents the adsorbed π-η 2 intermediate. Only the bonding between the π * orbital and the Pt valence band is shown. If the support is basic, the valence band is shifted to higher energies and the overlap between π * and the valence band is high. As a result, bonding combination is filled and the bond energy is high. Moreover, it is (almost) equally shared between the CP molecule and the Pt cluster, and the π * is filled with a considerable amount of electron density, which weakens the CP π bond. If the backdonation is very strong, as is the case for Pt with a very basic support, the π bond can dissociate and the CP molecule is dissociated into a highly unsaturated C5 molecule, bonded with multiple carbon atoms on the metal surface. This is the first step in coking of the catalyst, and it gives a possible explanation for the coking that was observed for the Pt/HT and Pt/LTL [1.04 and 1.53] catalysts.Therefore, it is concluded that the observed compensation effect and IKR for various supported Pt catalysts is caused by changes in the chemisorption strengths of reactants. These changes cause a variation in activity and a variation in the selectivity in catalytic reactions. Chemisorption of reactants on the Pt surface involves the donation and sharing of electrons between the Pt particles and the reactants. Therefore, changes in the chemisorption must be caused by changes in the electronic properties of either the Pt particles or the reactants. Since the reactants are always the same molecules, the changes in the chemisorption strengths must be caused by changes in the electronic properties of the supported Pt particles. This was illustrated above for the case of the bonding of the π-η 2 intermediate.
Conclusions
The influence of the support on the catalytic properties of supported Pt particles was investigated via a test reaction: the H/D exchange of cyclopentane. The acidity of the support largely influences the activity and selectivity of supported Pt particles in the H/D exchange of cyclopentane. The activities for the different catalysts show an iso-kinetic relation (IKR): the Arrhenius parameters A app and E app show a compensation, and at the isokinetic temperature of 100°C all catalysts show similar activities. This IKR is caused by variations in the adsorption strengths of the reactants CP and D 2 on the Pt surface. The resulting ratios of the surface coverages CP(*)/D(*) are high for acidic supports and low for neutral and basic supports, as is apparent from the observed reaction orders. The variations in the chemisorption strengths of CP on the Pt is also apparent from changes in selectivity. When particle size effects are eliminated, the apparent activation energy E app directly correlates with the selectivity. On Pt with acidic supports, the formation of the σ-bonded η 1 -cyclopentyl intermediate is favored, whereas with neutral and basic supports the formation of a π-bonded η 2 -cyclopentene intermediate is preferred. This intermediate is adsorbed via π backbonding, and this backbonding is very strong with basic supports. The result of this strong backbonding of Pt particles supported on basic supports is that the CP ring is broken, and the catalyst deactivates rapidly via coking. This strong backbonding is caused by a shift of the Pt valence band to higher energies on basic support materials.
